Abstract: Carbon nanotube network thin film transistors with channel lengths of 10-40 µm are fabricated from a nanotube buckypaper with 99% semiconducting carbon nanotubes by surfactant free solution routes. The carbon nanotubes are suspended in 1,2-dichlorobenzene by ultrasonication at concentrations of 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml, resulting in carbon nanotube field effect transistors with tube densities ranging from 5 tube/µm 2 up to 32 tube/µm 2 . The device percolation threshold is 11 tube/µm 2 with optimum device performances of on/off current ratio 7200, mobility 0.55 cm 2 /V·s and V th = +1 V. Devices with tube density above the percolation threshold are typically metallic-like. By encapsulating with poly-4-vinylphenol cross-linked with poly-(melamine-co-formaldehyde), the hysteresis becomes independent of channel length and the device performance approaches the best devices at the percolation threshold.
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Introduction
There is a great deal of interest in the fabrication of robust and reliable carbon nanotubes (CNTs) networks as thin film field effect transistors (CNT FETs) for device applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . CNTs can be thought of as a rolled up sheet of graphene. Depending on how the tube has rolled up a pristine carbon nanotube can show either metallic or semiconducting behaviour [12] . Normally for a given growth process 1/3 of the CNTs are metallic and 2/3 of the CNTs are semiconducting [12] . Efficient methods to separate out the semiconducting and metallic CNT components from the mixed samples have been developed [13] and it is now possible to buy pre-sorted CNTs as a bucky paper from Nanointegris, with 99% and above semiconducting CNTs components. As a consequence of this, CNT FETs with network thin films are now becoming a viable technology. However, there is as always a trade-off between on/off current ratio and mobility [8] [9] [10] [11] 14] due to the many junctions present in a network CNT FET. Much of the device performance is based on the ability to fabricate high quality films with a suitable density to make the device percolation threshold [7] [8] [9] , while avoiding any effects of short circuits through any residual metallic path way.
It is with this in mind that we look towards simple fabrication routes of CNT network FET devices, using a simple suspension of CNT buckypaper and no surfactants. In our work here we suspend pre-purchased sorted CNTs buckypaper from Nanointegris with 99% semiconducting components in 1,2-dicholorobenzene by ultrasonication to investigate the device thresholds. The suspension concentrations investigated are 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml and the time of substrate submersion ranges from 5 min up to 16.5 h. For both the 3.4 µg/ml and 2.6 µg/ml the device percolation threshold is 11 tubes/µm 2 and on/off current ratios on the order of 10 3 can be achieved. However, tube density above the percolation threshold shows metallic-like behaviour. We report that by encapsulating the metallic-like CNT FETs with cross linked poly-4-vinylphenol (PVP) polymer, the on/off current ratio is improved and approaches the performance of the devices fabricated at the percolation threshold. These results open the way to make use of CNT FETs fabricated from unknown concentrations of CNTs in the original suspensions. We put forward that CNT bucky paper suspensions in 1,2-dichlorobenzene can be a fast and efficient means of fabricating CNT thin film FETs with device performances comparable to the current literature [9, 11, 14] .
Experiment

Carbon nanotube suspension
To produce uniform films of CNTs, we first of all create a suspension of CNTs in anhydrous 1,2-dichlorobenzene (DCB) from Sigma-aldrich. Small amounts of 99% semiconducting CNTs from a NanoIntegris (IsoNanotube-S 99%) bucky paper were weighed out in sequence using a Metter Toledo UMX-5 precision scale with a resolution of 0.1 µg, a repeatability of 0.5 µg and a maximum linearity error of 3 µg. A precise volume of DCB was added to the CNTs using a precision micropipette to create suspensions with concentrations of 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml CNTs in DCB. The CNTs were then dispersed into the DCB using the Sonorex ultrasonic water bath for 0.5 h up to 1 h to create the suspension to the point where there are no obvious particles visible by the naked eye. The bottles all show suspensions with a light pink colour containing 99% CNTs in a DCB suspension with CNT concentrations of 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml respectively, Figure 1 . 
CNT thin films
Devices were all prepared with a global back gate geometry, using 
Device fabrication
After submersion, the entire SiO 2 surface is coated with a uniform CNT thin film.
To remove CNTs at the edges of the SiO 2 and control the area of CNTs in the channel the films are O 2 plasma etched through lithographically defined areas using an Oxford Plasmalab 80 Plus etcher. The pressure is set to 600 mTorr, power is set to 200 watts, O 2 flow is set to 40 sccm and an etch time of 3 min is used. The residual photoresist is then removed. In our experiment, 300 µm by 300 µm areas of CNT thin films are left at controlled locations on the substrate surface. These CNT regions then form the active channel of the FET. We use the Karl Suss MJB3 UV lamp mask aligner for photolithography. Metallisation is achieved using the Angstrom Engineering Nexdep 
Characterisation techniques
After the CNT FETs are fabricated, scanning electron microscopy (SEM) is performed using a Jeol JSM 6500F to determine the tube density of CNT thin films. To characterise the electrical performances of CNT FETs, we use a 4156C Agilent parameter analyser with Rucker and Kolls probes station. Images are analysed using Image J. Veeco Dektak 50 is used to measure material thickness.
Results and discussions
In our study CNT FETs are fabricated using three different concentrations of CNT suspension in DCB: 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml. Usually 1 h of sonication time is required to produce uniform CNT suspensions. The CNTs in DCB remain in a suspension and do not visibly aggregate over a period of a few days. In order to assemble films of CNTs from the DCB suspension functionalisation of the SiO 2 surface is required. We use a thiolpyridine stamping method, where the thiol bonds with the SiO 2 leaving the surface coated with a uniform distribution of pyridine. The CNTs in the DCB suspension are then able to attach to the pyridine via pi-pi interactions, resulting in a uniform film of CNTs on the substrate. The concentration of the thiolpyridine is crucial, as if not high enough little CNT attachment takes place at the surface. However if it is too high, the thiolpyridine can stack causing the pi-pi interactions between neighbouring pyridines to be in the direction perpendicular to the plane of the substrate [15] . When the functionalised substrates are submerged into the CNT suspensions, CNTs immediately deposit onto the substrate surface, and uniform films can be achieved in as little as 5 min of submersion time.
In order to control the CNT FET performance we have investigated the role of tube density in the CNT thin films, based on the initial suspension concentration and the submersion time. In the CNT FET devices being investigated we have a large channel length of 20 µm which requires many CNTs to bridge the electrode gap. A typical SEM image of a CNT FET channel is shown in Figure 2 . To determine the tube density we use a counting method based on analysing the SEM images in Image J and applying a simple stick model [7, 18] , giving an estimate of tube densities and length distribution. The tube density for submersion times ranging from 5 min up to 16.5 h for the 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml CNT suspensions have been calculated. The tube density for the CNT thin films as a function of submersion time for the three different concentrations of CNT submersions are shown in Figure 3 , and the percolation threshold for conduction through the FET channel is indicated with an arrow. Figure 3 also indicates whether percolation was achieved and if the resulting CNT FET showed metallic or semiconducting characteristics. CNT FETs made by 7.9 µg/ml and 3.4 µg/ml CNT DCB suspensions have faster 'deposition' rate as compared to the 2.6 µg/ml CNT DCB suspension. The apparent CNT film deposition rates are similar at any given submersion time in the range of 5-60 min for the 7.9 µg/ml and 3.4 µg/ml, resulting in tube densities in the range of 5 tubes/µm 2 to 21 tubes/µm 2 . It is difficult to determine the tube density from the 7.9 µg/ml concentration after 60 min of submersion as the CNTs form a dense mat coverage on the sample surface. For the 3.4 µg/ml suspension the tube density continues to increase up to a maximum of 32 tubes/µm 2 after 16.5 h of submersion. In contrast the deposition rate of CNTs from the 2.6 µg/ml suspension is roughly flat with submersion times from 5 min up to 60 min, all resulting in tube densities of around 7 tubes/µm 2 . At 90 min submersion time the tube density reaches 11 tubes/µm 2 and a maximum of only 17 tubes/µm 2 is reached after a full 16.5 h submersion. We find the percolation threshold of the 7.9 µg/ml suspension to be 5 tubes/µm 2 whereas for the 3.4 µg/ml and 2.6 µg/ml the percolation threshold is 11 tubes/µm 2 , which can easily be explained by an increase in average length due to bundling for the 7.9 µg/ml. The simple stick model used cannot always clearly determine whether there is a single CNT or a bundle of CNTs that is forming the network. This is an obvious weakness of the stick model but it allows us to make a meaningful comparison. Figure 3 The dependency of tube density on submersion time for CNT thin films fabricated by submersion in CNT DCB suspensions at 7.9 µg/ml (squares), 3.4 µg/ml (circles) and 2.6 µg/ml (triangles) concentration. The arrows point out the percolation threshold at 11 tubes/µm 2 for both the 3.4 µg/ml and 2.6 µg/ml concentrations. The colours indicate whether the resulting CNT FETs show metallic, or semiconducting behaviour. As well as the case when the network is not percolative (see online version for colours)
To understand how the bundles and/or rope-like structures influence the CNT FET performances, we compare their electrical properties when the tube density is 11 tubes/µm 2 (as determined by SEM analysis) for the thin films fabricated from all three initial concentrations in Figure 4 . All three devices are fabricated using the same device processing steps and metallisation. The channel length is 20 µm and width is 100 µm, with a total area of CNT conductive film of 300 µm × 300 µm as patterned by the etch step described in the experimental section. The transistor fabricated from the 3.4 µg/ml suspension was submerged for 10 min and the transistor fabricated from the 2.6 µg/ml suspension was submerged for 90 min to reach their percolation threshold 11 tubes/µm 2 and give on/off current ratios of 10 3 and above for both devices. The transistor fabricated from the 7.9 µg/ml suspension which is also submerged for 10 min results in tube density of 11 tubes/µm 2 across the thin film. It is immediately apparent that the device fabricated from the 7.9 µg/ml shows very little gate dependence and the high current, in the region of µA, is significantly larger than the tens of nA reached by the other two devices. Therefore we state that at a 7.9 µg/ml concentration, the CNTs are not well suspended in DCB by the sonication procedure. Instead we have made films of bundles of carbon nanotubes that although well dispersed, will maintain significant metallic CNT contamination from the 1% metallic component in the bucky paper (IsoNanotube-S 99%).
In contrast, suspensions made from 3.4 µg/ml and 2.6 µg/ml suspensions have been well dispersed, and although some bundling may occur, the metallic components are insignificant and good semiconducting properties are achieved (Figure 3) . Although initially this can be seen as a detrimental set of outcomes when making a CNT FET, it is clear that the thin films of CNTs must be highly uniform and well dispersed for a 1% component of metallic tubes to short circuit the FET over a 20 µm gap. As is evident in the discussion above a small variation in the CNT concentration, from 2.6 µg/ml up to 3.4 µg/ml in the initial CNT DCB suspension can result in widely varied electrical performance.
Figure 4
The electrical performance of CNT FETs when tube density is 11 tubes/µm 2 for all three thin films. The CNT FETs are fabricated from CNT DCB suspensions with 7.9 µg/ml after 10 min submersion (squares), 3.4 µg/ml after 10 min submersion (circles) and 2.6 µg/ml after 90 min submersion (triangles). L = 20 µm and W = 100 µm with V d = -0.1 V (see online version for colours) Key performance indicators for CNT FETs are the on/off current ratio of the devices and the mobility. In order to calculate the on/off current ratio in devices where there is no clear off, we have taken the 'off current' at V g = +3 V which is above V th = +1 V; and the 'on current' at V g = -15 V gives the maximum current in this measurement range, where V g is the gate voltage and V th is the threshold voltage. To calculate hole mobility we refer to the standard CNT FET modelling procedure given in equation (1) assuming the device to be in the linear regime [7] [8] [9] [10] [11] 19, 20] .
where L is channel length, W is channel width, V d is source drain voltage, V g is gate voltage, I ds is output current and C is SiO 2 capacitance per unit area. Here the channel length and width are L = 20 µm, W = 100 µm, and the thickness of the SiO 2 is 100 nm. We are making the assumption that the dominant conduction paths in these CNT FETs depend on CNTs directly bridging the channel, with no stray conduction paths through the CNTs 300 × 300 µm region of CNT films that were fabricated. The standard MOSFET mobility model stated in equation (1) assumes 100% coverage of well aligned CNTs over the channel area and takes the Capacitance per unit area as [20] 0 ox
where ε ox of SiO 2 = 3.9, ε o is the vacuum permittivity = 8.85 × 10 -12 F/m and dielectric thickness d = 100 nm. However, the actual CNT coverage is not 100% in our percolative networks. The current model would therefore underestimate the actual mobility of the CNT FET devices here. We can recalculate the mobility using a modified capacitance based on the CNT coverage [8] [9] [10] [11] 19] .
where R is radius of CNT and C Q is the quantum capacitance per unit area [10, 11, 19] . For aligned CNTs Λ 0 is the space between each tube [8, 9, 19] which for a random network CNT film can be estimated using the tube density [10, 11] . Taking the average CNT diameter to be 1.5 nm, the resulting mobility using the standard capacitance equation (2) and the modified capacitance, equation (3) are shown in Table 1 for the 20 µm channel CNT FETs fabricated from the 3.4 µg/ml suspension.
Table 1
The mobility of the 20 µm channel CNT FET fabrication from the 3.4 µg/ml suspension
Tube density (tubes/µm 2 )
Mobility (cm 2 /V·s) C from equation (2) Mobility (cm 2 /V·s) C from equation (3 There is an increase in the value of the mobility calculated for the CNT FETs using the modified capacitance from equation (3), as we are able to more accurately determine the actual contribution from the CNTs present. The approximate quantities of CNTs are 22,000 and 42,000 at density of 11 tubes/µm 2 and density of 21 tubes/µm 2 respectively. Giving CNT coverage of 0.99% for the 11 tubes/µm 2 CNT FET and 1.89% for the 21 tubes/µm 2 CNT FET. However, owing to the random network of the CNT films we may underestimate the actual mobility as the model assumes alignment. We also do not consider any resistive junctions from the CNT-CNT interfaces in the network.
The on/off current ratios, and hole mobility based as a function of the carbon nanotube densities are shown in Figure 5 , for the devices fabricated from the 3.4 µg/ml suspension. These values were calculated using the modified capacitance values determined by equation (3) which we assume to be the best fit for our devices. This assumption has also been made by other teams working on randomly orientated CNT FETs [9, 11, 14] . 2 /V·s were achieved when the tube density increases from 5 tubes/µm 2 to 18 tubes/µm 2 for 50 µm length and 1000 µm width devices [14] . The other major performance indicator for CNT FETs is the on/off current ratio. As observed in our plots, Figure 4 , we have reliable on currents in the 10 -8 Amps range and off currents around 10 -12 Amps giving us on/off current ratios of 7200 for the 11 tubes/µm 2 devices. Similar results are also found in works by LeMieux which has shown on/off current ratio decreases from 10 4 to 10 2 as mobility increased [14] . In work by Rouhi et al. [9] random network CNT FETs show mobility increases from 1 cm However, the mobility comes at the expense of the on/off current ratio which decreases from 10 5 to less than 10 as the mobility increased [9] . Our devices with lengths on the order of 20 µm and low densities between 11 tubes/µm 2 up to 32 tubes/µm 2 compare favourably to literature data within the same device geometry and tube density regions [9, 11, 14] .
CNT FETs fabricated with tube density around the percolation threshold have by far the highest on/off current ratios and realising tube densities just around the percolation threshold is the preferred option for the optimum device performance. Figure 6 shows the channel dependent FET characteristics for the device at the percolation threshold tube density of 11 tubes/µm 2 fabricated from the 3.4 µg/ml CNT suspension. The on/off current ratio does not show any change with channel length. These characteristics show that the CNT FETs fabricated from the DCB suspensions are suitable for device platform applications. There is a commonly observed hysteresis for CNT FETs as indicated by the observed shift in threshold voltage between the forward and reverse transfer characteristics [22] [23] [24] [25] . The mechanism for hysteresis is thought to be due to hydroxyl bonds from water molecules in ambient environment which absorbed onto the SiO 2 surface. These hydroxyl bonds remain on the SiO 2 surface and after application of gate voltage, charge injection can occur between the SiO 2 and the CNTs [22] [23] [24] [25] . Although these devices show suitable on/off current ratios and working currents it may not always be possible to use a precision balance to ensure being at the correct CNT concentration for device fabrication. Furthermore, the error in the measurement of the balance with resolution of 0.1 µg, a repeatability of 0.5 µg and a maximum linearity error of 3 µg can be a large contribution to variations during measurement on different days. All of the CNT FETs fabricated from the 7.9 µg/ml DCB suspensions result in large tube density and metallic conduction properties that block the field dependence of the devices. Figure 7 (a) shows pristine CNT FET transfer characteristics with different channel length 10-40 µm. The device with tube density 21 tubes/µm 2 was fabricated by 60 min submersion in 3.4 µg/ml CNT in DCB suspension. As a means to improve the device performance we have encapsulated the CNT FET by spin coating a layer of PVP polymer (approximately 800 nm) and cross linking via a 200°C bake as described in the experimental section. The device characteristics for the encapsulated CNT FET are shown in Figure 7(b) . Across all four devices with channel lengths of 10-40 µm on the same chip show a transition from previous metallic conduction towards semiconductor characteristics. The electrical properties of PVP encapsulated CNT FET are similar to the devices fabricated at the percolation threshold with on/off current ratio of 1360 and mobility of 3.7 cm 2 /V·s for the 20 µm channel FET. The pre-encapsulated CNT FET had on/off current ratio of 6.42 and mobility of 8.13 cm 2 /V·s showing an increases of 211 times for the on/off current ratio and a decrease in mobility by a factor of two post PVP encapsulation. Similar encapsulation methods for CNT FETs have been investigated to either reduce hysteresis [23] or enhance device performance [26] .
The PVP coating appears to block some conductive (metallic-like) pathways in the percolative CNT network. The PVP must also similarly block some semiconducting pathways yet as short circuits from the 1% metallic CNT pathways dominated the FET transfer characteristics the effect is far more pronounced for the metallic pathways. The effective tube density of percolative network CNTs has been reduced bringing the devices closer in performance to those at the percolation threshold. Owing to the limited effect on the semiconducting components we conclude that a simple blocking of the inter-tube metallic contacts is the dominant effect. It is therefore shown that PVP coating of non-optimised CNT FETs is a useful fabrication route to create a CNT FET device platform, provided the PVP layer does not interfere with the final functionality of the device. 
Conclusion
In this paper, we have successfully fabricated reproducible uniform CNT thin film transistors by using simple surfactant free solution fabrication routes. The concentration of CNTs suspended in DCB investigated were 7.9 µg/ml, 3.4 µg/ml and 2.6 µg/ml. We were able to control the density of the CNT thin films by altering the submersion of functionalised SiO 2 substrates in the CNT DCB suspensions. In doing so tube densities between 5 tubes/µm 2 to 32 tubes/µm 2 were achieved. The device percolation threshold was found to be 11 tubes/µm 2 when L = 20 µm for CNT FETs fabricated from both the 3.4 µg/ml and 2.6 µg/ml suspensions. At around the percolation threshold, all devices have 10 3 on/off current ratio and electrical properties from length scale 10-40 µm are independent with channel length. We have demonstrated that high yield CNT FETs can be fabricated from a simple solution process from the 3.4 µg/ml and 2.6 µg/ml CNT DCB suspensions over a wide range of submersion times and processing parameters. The best devices achieve good FET performance with on/off current ratios >10 3 , V th = +1 V and mobility of 0.55 cm 2 /V·s at 20 µm length scale. However, it is also clear that successful fabrication sits on a knife edge, with all CNT FET devices fabricated from the 7.9 µg/ml CNT DCB suspension and CNT FET fabricated from the 3.4 µg/ml CNT DCB suspension after 60 min submersion being short circuited by metallic conduction paths from the 1% metallic CNT component in the original buckypaper. Encapsulating those CNT FETs with a spin coated layer of PVP results in 211 times higher on/off current ratio compared to the pristine CNT FETs with devices performance approaching that of devices fabricated at the percolation threshold.
